NMDA receptors are glutamate-gated ion channels that play important roles in synaptic transmission and excitotoxicity. The functional NMDA receptor is thought to be a heterotetramer composed mainly of two NR1 and two NR2 subunits. Although it is generally accepted that only correctly assembled NMDA receptors can pass the ER quality control, the mechanism underlying this process is not well understood. Using truncated and chimeric NMDA receptor subunits expressed in heterologous cells and cortical neurons, we found that the third membrane domains (M3) of both NR1 and NR2B contain signals that cause the unassembled subunits to be retained in the ER. M3 of both NR1 and NR2B and, M4 of NR1, are necessary for masking ER retention signals found in M3. Thus, our data reveal a critical role of the membrane domains in the assembly of functional NMDA receptors.
Introduction
NMDA receptors are ionotropic glutamate receptors that play critical roles in excitatory synaptic transmission and excitotoxicity (Cull-Candy et al., 2001; Lau and Zukin, 2007) . These receptors are likely heterotetramers, assembled from NR1, NR2, and NR3 subunits. Coassembly of NR1 and NR2 subunits is necessary for the formation of a functional channel (Wenthold et al., 2003) . A single NR1 subunit exists in eight splice forms, whereas there are four distinct NR2 subunits (NR2A-D). The subunits share the same topology: an extracellular N terminus, four putative membrane domains (M1-M4) of which the second (M2) is a re-entrant loop, and an intracellular C terminus. Several previous studies have indicated that abnormalities in the regulation of NMDA receptors may be involved in a number of psychiatric and neurological disorders (Cull-Candy et al., 2001; Lau and Zukin, 2007) . These could occur at multiple steps including synthesis, subunit assembly and endoplasmic reticulum (ER) processing, trafficking and degradation of receptors.
The major NR1 splice variant (NR1-1) and the NR2 subunits are retained in the ER when expressed alone in heterologous cells and neurons, but when expressed together, they form functional receptors on the cell surface (McIlhinney et al., 1998; Okabe et al., 1999; Fukaya et al., 2003) . Previous studies investigating the mechanisms underlying the ER retention of NMDA receptor subunits focused on their C termini and used chimeras of a transmembrane protein tac (interleukin-2 receptor subunit) and NR1 and NR2B C termini. These experiments have shown that an NR1-1 C-terminal (Ct) chimera is retained in the ER because of an RRR motif in its C1 cassette and that the C termini of other NR1 splice variants attached to tac are not retained because they lack the RRR motif (NR1-2 and NR1-4) or because the C2Ј cassette can mask the RRR motif (NR1-3) (Standley et al., 2000; Scott et al., 2001; Xia et al., 2001) . The NR2B C terminus appended to tac was retained in the ER, suggesting the presence of an ER retention signal; however, the particular motif has not yet been identified (Hawkins et al., 2004) . It remains unclear how the ER retention signals in the C termini of NR1 and NR2 are masked after assembly. Previous studies have shown that the HLFY motif immediately following NR2B M4 in full-length NR2B subunit (Hawkins et al., 2004) or, at least, the presence of any two amino acid residues after NR2 M4 (Yang et al., 2007) is required for the export of NR1/ NR2 complexes from the ER. This raises the possibility that this motif may be involved in masking of ER retention signals.
In this study, we focused on the identification and masking of ER retention signals in the NR1-1/NR2B receptor. We found that both NR1 and NR2B M3 possess ER retention signals, in addition to the C-terminal signals described previously. Moreover, NR1 and NR2B M3 together with NR1 M4 are necessary for negating the ER retention signals in the assembled NR1/NR2B receptor. These findings identify a critical role of membrane domains in the assembly of NMDA receptors.
Materials and Methods
Cell culture and transfection. Human embryonic kidney 293 (HEK293) and COS7 cells were cultured in MEM medium (Invitrogen, San Diego, CA) with 10% fetal bovine serum (Sigma, St. Louis, MO). To transfect the cells, equal amounts of cDNAs for NR1 and NR2 subunits (total 1 g) were mixed with 2 l of Lipofectamine 2000 (Invitrogen) and were added to cells for 5 h. If any variant of NR1 and NR2B vectors were cotransfected, media was supplemented with 20 mM MgCl 2 and 3 mM kynurenic acid to suppress excitotoxicity. Cells were used for experiments within 24 -48 h after transfection.
The expression vectors for green fluorescent protein (GFP)-NR2B, constructed previously by inserting a GFP gene between the fifth and sixth codons after the sequence for the signal peptide, and for the yellow fluorescent protein (YFP)-NR1-1a, made previously by inserting a YFP gene between the third and fourth amino acid residues after the signal peptide, were used (Luo et al., 2002) . MYC-NR2B and FLAG-NR2B expression constructs were also described previously (Hawkins et al., 1999; Papadakis et al., 2004) . All mutations, including incorporation of stop codons, were generated using the QuikChange mutagenesis kit (Stratagene, La Jolla, CA). All constructs were verified by DNA sequencing.
For simplicity, the generated truncation variants of NMDA receptor subunits are referred in the text as preMx or postMx, depending on whether the stop codon was introduced before or after the referred M. The exact amino acid numbers are as follows: NR2B 844stop (NR2B postM4), NR2B 792stop (NR2B preM4), NR2B 655stop (NR2B postM3), NR2B 629stop (NR2B preM3), NR2B 584stop (NR2B postM1), NR1 838stop (NR1 postM4), NR1 812stop (NR1 preM4), NR1 655stop (NR1 postM3), NR1 629stop (NR1 preM3), and NR1 590stop (NR1 postM1) (GenBank accession numbers M91562 and U08261). The NR2B-M4-C-terminal peptide begins at amino acid number NR2B 793 ; the NR2B signal peptide sequence was inserted at the beginning of its sequence.
Cortical neuronal cultures. All experiments involving animals were performed according to the National Institutes of Health guidelines. Cortices were dissected from embryonic day 18 Sprague Dawley rats and incubated with 0.25% trypsin and 0.01% DNase. A total of 0.25 million cells per well were plated onto polyornithine/fibronectin-coated coverslips in Neurobasal medium containing 2% FBS and 2% B27 supplement (Invitrogen) in six-well culture plates. The culture media were changed to Neurobasal medium plus B27 after 3 d in vitro (DIV). The neurons were transfected at 6 -7 DIV using Lipofectamine 2000 (Invitrogen). Two days later, neurons were processed for immunostaining.
Electrophysiology. Whole-cell voltage-clamp recordings were performed with a patch-clamp amplifier Axopatch 200B (Molecular Devices, Foster City, CA) after capacitance and series resistance (Ͻ20 M⍀) compensation of 80%. Agonist-induced responses were low-pass filtered at 2 kHz by an eight-pole Bessel filter, digitally sampled at 5 kHz and analyzed using pClamp software version 9.2 (Molecular Devices). Patch-glass pipettes (3-5 M⍀) were filled with an intracellular solution containing (in mM) 125 gluconic acid, 15 CsCl, 5 EGTA, 10 HEPES, 3 MgCl 2 , 0.5 CaCl 2 , and 2 ATP-Mg salt, pH 7.2. The extracellular solution contained (in mM) 160 NaCl, 2.5 KCl, 10 HEPES, 10 glucose, and 0.2 CaCl 2 , pH 7.3. Agonist application was done using a multibarrel pipette controlled by a stepper motor (SF-77b; World Precision Instruments, Sarasota, FL). Experiments were performed at 23-26°C at a holding potential of Ϫ60 mV.
Immunofluorescence. Intracellular labeling was performed at room temperature. Briefly, cells were fixed with 4% paraformaldehyde (PFA) for 30 min and permeabilized in 0.1% Triton X-100 (TX-100) in PBS for 5 min. Cells were then blocked with 10% goat serum in PBS for 1 h and incubated with primary (rabbit anti-calreticulin antibody; Affinity BioReagents, Golden, CO; 1:1000) and secondary (Alexa Fluor 555 goat anti-rabbit IgG; Invitrogen; 1:1000) antibodies for 1 h.
For cell surface labeling, COS7 cells were washed twice in PBS and blocked with 0.2% bovine serum albumin in PBS on ice for 15 min. This blocking solution was also used for diluting the primary (rabbit anti-GFP antibody; Millipore, Billerica, MA; 1:500) and secondary (Alexa Fluor 555 goat antirabbit IgG) antibodies. After incubation on ice for 30 min in the primary antibody, the cells were briefly washed in cold PBS followed by incubation on ice with the secondary antibody for another 30 min. The stained cells were Images from stained COS7 cells and neurons were captured using a Nikon (Tokyo, Japan) Eclipse E1000 fluorescence microscope; a 63ϫ oil objective was used for colocalization studies and a 40ϫ oil objective for surface labeling experiments. The percentages of the cells exhibiting surface labeling were determined by counting of visible cells by an individual. This analysis was followed by the quantifications of intensity of the labeling using MetaMorph software (Universal Imaging, West Chester, PA). The average intensities of surface and total fluorescence were determined for regions outlined around the transfected cells. Intensity measurements are expressed in arbitrary units per unit area. Data are expressed as the mean Ϯ SEM; each value is an average of three independent experiments performed under the same conditions including the setting of microscope parameters. The labeling on nontransfected cells was considered as background. Statistical comparisons were made using an unpaired t test or a one-way ANOVA followed by Newman-Keuls multiple comparison test.
Immunoprecipitation. COS7 cells grown on 10 cm plates were transfected using the calcium phosphate coprecipitation method (CalPhos Mammalian Transfection kit; Clontech Mountain View, CA). Two days later, cells were washed in PBS and collected by centrifugation (1000 ϫ g for 10 min at 4°C). The pellets were solubilized in 2.5 ml of solubilization solution (1% sodium deoxycholate in 50 mM Tris-HCl, pH 9.0) for 30 min at 37°C and were centrifuged at 45,000 ϫ g for 30 min at 4°C. The resulting supernatants (500 l) were incubated with 5 g of each antibody [rabbit or mouse IgG, mouse anti-NR1 (clone 54.2), mouse anti-MYC, and rabbit anti-GFP (Millipore)] and with a 50 l aliquot of protein A/G agarose beads (Pierce, Rockford, IL) at 4°C overnight. The beads were washed four times with 1 ml of TBST buffer (0.1% TX-100/TBS) and boiled in 2ϫ SDS loading buffer (25 l). Proteins were loaded onto 4 -20% Tris-glycine gels (Invitrogen), transferred to polyvinylidene difluoride membranes, incubated with primary and secondary antibodies, and detected with ECL using BioMax MR x-ray films (Eastman Kodak, Rochester, NY).
Results

NR1 and NR2B subunits truncated after M4 are retained in the ER
It has been shown previously that the C termini of both NR1-1 and NR2B subunits appended to tac are retained in the ER (Standley et al., 2000; Scott et al., 2001; Xia et al., 2001; Hawkins et al., 2004) , indicating the presence of one or more retention sites in NR1-1 and NR2B C termini. However, NR2B subunits truncated immediately after M4 are retained intracellularly suggesting that there is at least one additional retention signal in the remaining part of the molecule (Hawkins et al., 2004) . In this study, we sought to identify that site(s). Because NR2B with a complete truncation of the C terminus does not form functional channels after assembly with NR1 (Hawkins et al., 2004 ) (data not shown), we used an NR2B subunit truncated six amino acid residues after M4 (NR2B postM4). Similarly, NR1 subunits truncated five amino acid residues after M4 (NR1 postM4), shown previously to form functional channels (Vissel et al., 2001), were used in our experiments. We expressed full-length and truncated NMDA receptor subunits in COS7 cells, which lack native NMDA receptor subunits, and performed the surface labeling experiments with anti-GFP antibodies in nonpermeabilizing conditions. The vast majority of COS7 cells expressing either full-length GFP-NR2B or YFP-NR1-1a alone were not surface labeled, as expected; similar data were obtained for GFP-NR2B postM4 ( Fig. 1 A, B) . Surprisingly, most COS7 cells expressing YFP-NR1 postM4 also showed no detectable surface staining, although the percentage of COS7 cells expressing YFP-NR1 postM4 on the surface was significantly higher compared with full-length YFP-NR1-1a subunits ( Fig. 1 B) , indicating that YFP-NR1 postM4 is not completely retained in the cell. These data show that both NR2B and NR1 subunits truncated after M4 possess signals that inhibit their cell surface expression.
As expected, the coexpression of YFP-NR1-1a/NR2B and YFP-NR1 postM4/NR2B postM4 resulted in robust surface labeling in nearly all YFP-expressing cells ( Fig. 1 A, B) . Subsequent analysis revealed that the average fluorescent intensity per unit area of the surface labeling was significantly lower for the cells transfected with single full-length or truncated NMDA receptor subunits compared with cells expressing YFP-NR1-1a/NR2B or YFP-NR1 postM4/NR2B postM4 (Fig. 1C) . No significant difference was seen in the fluorescent intensities of the surface labeling between YFP-NR1-1a/NR2B-and YFP-NR1 postM4/NR2B postM4-expressing cells and among the intensities of total GFP or YFP fluorescence of the full-length and truncated GFP-NR2B or YFP-NR1 subunits (Fig. 1C) . Therefore, the C termini of NR1-1 and NR2B subunits do not affect surface expression of assembled complexes in heterologous cells. To ensure that the truncation of C termini does not affect the formation of functional ion channels, we transfected YFP-NR1-1a/NR2B and YFP-NR1 postM4/NR2B postM4 into HEK293 cells and performed whole-cell patch-clamp recording. NMDA receptor-mediated currents were evoked by 5 s application of 1 mM glutamate and 1 mM glycine at a holding potential of Ϫ60 mV. Both combinations of NMDA receptor subunits were able to form functional channels. Statistical analysis of the peak current magnitudes revealed no significant difference between YFP-NR1-1a/NR2B and YFP-NR1 postM4/NR2B postM4 receptors (Fig. 1 D) . This observation is consistent with the quantification of the surface labeling performed for the same combinations of NMDA receptor subunits (Fig. 1C) .
Because the YFP-NR1 postM4 and GFP-NR2B postM4 did not reach the cell surface when expressed by themselves, we investigated the compartment in which the truncated NMDA receptor subunits were localized. Supplemental Figure 1 (available at www.jneurosci.org as supplemental material) shows that the distribution of YFP-NR1 postM4 and GFP-NR2B postM4, expressed in COS7 cells, closely matched the staining for the ER marker calreticulin. These data suggest that both NR1 and NR2B subunits lacking their C termini contain ER retention signals that can be masked by assembly into an NR1/NR2B complex.
NR2B and NR1 M3 possess ER retention signals
To map the ER retention signals preceding the C terminus of the NR2B subunit, truncations were made before M4 (GFP-NR2B preM4), after M3 (GFP-NR2B postM3), before M3 (GFP-NR2B preM3), and after M1 (GFP-NR2B postM1). The resulting constructs were expressed in COS7 cells, and surface receptors were labeled with anti-GFP antibodies. Immunofluorescent microscopy revealed that only a small fraction of COS7 cells expressing GFP-NR2B preM4 or GFP-NR2B postM3 exhibited detectable surface staining, in contrast to nearly all cells expressing GFP-NR2B preM3 and GFP-NR2B postM1 on the surface (Fig.  2 A, B) . Quantitative fluorescent measurements showed that surface labeling of GFP-NR2B preM4 and GFP-NR2B postM3 was significantly smaller than that of GFP-NR2B preM3 and GFP-NR2B postM1 (Fig. 2C) . The intensities of total GFP fluorescence were not significantly different among the GFP-NR2B truncations (Fig. 2C) . These results suggest that NR2B M3 contains an ER retention signal that prevents the unassembled NR2B postM4 subunit from reaching the cell surface.
Because we showed that NR1 postM4, like NR2B postM4, contains an ER retention signal (Fig. 1, supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), truncations were made in YFP-NR1-1a to identify the location of the signal. The results of the surface labeling of COS7 cells expressing these NR1 truncations were similar to those obtained for NR2B truncations. YFP-NR1 preM4-and YFP-NR1 postM3-expressing cells did not exhibit surface staining, in contrast to YFP-NR1 preM3-and YFP-NR1 postM1-expressing cells, which were heavily surface labeled (Fig. 3 A, B) . Quantification of these results revealed a dramatic difference in the intensity of the surface labeling between YFP-NR1 preM4, YFP-NR1 postM3 and YFP-NR1 preM3, YFP-NR1 postM1 (Fig. 3C) ; the intensities of total YFP fluorescence were not significantly different among the YFP-NR1 truncations (Fig. 3C) .
Because GFP-NR2B postM3 and YFP-NR1 postM3 were not trafficked to the cell surface, we asked if they were retained in the ER. The intracellular labeling of COS7 cells showed an extensive colocalization between these constructs and the ER marker calreticulin (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Together, our data suggest that M3 of both NR1 and NR2B contain ER retention signals.
To confirm our results obtained with truncation constructs, we substituted M3 in both NR1 and NR2B subunits for the acetylcholine receptor (AchR) ␣ M4 (Fig. 4 A) , which has the same orientation in the membrane as that of M3 in NMDA receptor subunits (Witzemann et al., 1990) and does not contain any ER retention signal (Wang et al., 2002) . More than 50% of COS7 cells expressing GFP-NR2B-M33 AchR postM4 were surface labeled compared with ϳ10% of those expressing full-length GFP-NR2B-M33 AchR (Fig. 4 B, C) . Fluorescent intensities of the surface labeling were significantly different between these two individually expressed NR2B chimeras (Fig. 4 D) . These results corroborate our observation that the full-length NR2B subunit contains two different ER retention signals: one in NR2B M3 and one in the C terminus. Even more pronounced differences were seen for the surface expressions of YFP-NR1-M33 AchR postM4 and YFP-NR1-1a-M33 AchR (Fig. 4C,D) . Interestingly, the total expression levels of both GFP-NR2B-M33 AchR postM4 and YFP-NR1-M33 AchR postM4 were significantly lower when compared with their full-length variants (Fig. 4 D) ; this may reflect that the C termini prevent the degradation of the chimeric subunits in the cells. Our observations support the presence of ER retention signals in M3 of both NR1 and NR2B.
NR2B M3 is necessary for overcoming the NR1 M3 ER retention signal
The mechanisms underlying the masking of ER retention signals after assembly of NR1 and NR2 remain mostly unexplored. Our results suggesting that M3 of both NR1 and NR2B subunits contain ER retention signals raise the interesting possibility that these signals are mutually masked during assembly. To address this, we transfected the NR2B truncation constructs together with NR1-1a or NR1 postM4 subunits into COS7 cells. When expressed alone, GFP-NR2B preM4 and GFP-NR2B postM3 truncations were retained in the ER (Fig. 2) . However, when expressed with NR1-1a subunits, they were transported to the cell surface (Fig. 5A) , although their surface expression was decreased when compared with that of NR1-1a/GFP-NR2B postM4 (Fig. 5 B, C) . The total GFP fluorescence intensities were not significantly different among cells expressing NR1-1a/ GFP-NR2B postM4, NR1-1a/GFP-NR2B preM4, and NR1-1a/GFP-NR2B postM3 (Fig. 5C ). These results suggest that ER retention signals from both NR1 and NR2B M3 are masked after NR1/NR2B interaction, even when NR2B M4 and an extracellular loop between M3 and M4 are not present.
In contrast, NR2B preM3, which in the absence of NR1 subunit exhibits robust surface expression (Fig. 2) , did not facilitate surface expression of YFP-NR1-1a or YFP-NR1 postM4 (Fig.  5A ). The significant difference in the percentage of surface labeled cells expressing YFP-NR1-1a/NR2B preM3 and YFP-NR1 postM4/NR2B preM3 (Fig. 5B) likely reflects different properties of surface expression of individually expressed YFP-NR1-1a and YFP-NR1 postM4 (Fig. 1 B) . The surface and total YFP fluorescent intensities were not significantly different between cells expressing YFP-NR1-1a/NR2B preM3 and YFP-NR1 postM4/ NR2B preM3 (Fig. 5C) .
It has been shown previously that both NR1 and NR2A subunits truncated before M4 can form a functional channel when separate NR1 and NR2A M4-Ct peptides are coexpressed (Schorge and Colquhoun, 2003) . Next, we used this approach to learn whether truncated GFP-NR2B preM4 also can form a functional channel. Similarly, we found that HEK293 cells expressing NR1-1a/GFP-NR2B preM4 exhibited no responses to 1 mM glutamate and 1 mM glycine at a membrane potential of Ϫ60 mV; however, the functional properties of truncated NR1-1a/GFP-NR2B preM4 receptors were rescued when the NR2B M4-Ct peptide was coexpressed. Interestingly, the peak current magnitudes were not significantly different between NR1-1a/NR2B and NR1-1a/GFP-NR2B preM4/NR2B M4-Ct (Fig. 5D) . Our results, together with previously published data, show that the truncations of NMDA receptor subunits before M4 do not affect the ability to form functional channels when corresponding M4-Ct peptides are present. As we showed above, the NR1/GFP-NR2B preM4 complex reached the cell surface without the M4-Ct peptide, although functional channels were not formed. This suggests that NR2B M4 is an important structural component for the formation of the functional channel but is not necessary for trafficking of the receptors to the cell surface.
The lack of surface staining of YFP-NR1-1a and YFP-NR1 postM4 coexpressed with NR2B preM3 suggests that NR2B M3 is a necessary structural component for masking of the NR1 M3 ER retention signal or that the truncated NR2B preM3 subunit cannot form a molecular complex with the NR1 subunit. To address this, coimmunoprecipitation analysis was performed from COS7 cell lysates transfected with GFP-NR2B truncations and fulllength NR1-1a subunits (supplemental Fig. 2 A, available at ww- w.jneurosci.org as supplemental material). These experiments showed not only that GFP-NR2B postM3 could physically associate with the NR1-1a subunit, as expected from immunofluorescence data, but also that both GFP-NR2B preM3 and GFP-NR2B postM1 interacted with NR1-1a. Therefore, these results show that NR2B M3 is involved in masking of the NR1 M3 ER retention signal.
The presence of NR1 M4 is necessary for masking the NR2B M3 ER retention signal
Our results, together with previously published data, indicate that the full-length NR2B subunit contains at least two ER retention signals, one in NR2B M3 and one in the C terminus, which must be masked before a functional NR1/NR2B receptor leaves the ER. We next investigated which structural parts of NR1 subunits are necessary for negating the NR2B ER retention signals. We coexpressed full-length NR2B subunit with the NR1 truncation constructs, YFP-NR1 postM4, YFP-NR1 preM4, and YFP-NR1 postM3, which, in the absence of NR2B, are mainly retained in the ER (Fig. 1, 3) . Indeed, the coexpression of YFP-NR1 postM4 with full-length NR2B resulted in robust surface staining of NR1, whereas the coexpression of NR2B did not facilitate surface expression of YFP-NR1 preM4 or YFP-NR1 postM3 (Fig. 6 A) . These findings indicate that NR1 M4 is an important structural component for the masking of the NR2B ER retention signal(s). To investigate this further, we coexpressed NR2B postM4, which contains only the NR2B M3 ER retention signal, with YFP-NR1 postM4, YFP-NR1 preM4 and NR1 preM3 and performed surface staining. The results were very similar to those obtained for the full-length NR2B subunit: strong surface staining with coexpression of YFP-NR1 postM4 with NR2B postM4, but lack of surface staining for other combinations that are missing NR1 M4 (Fig. 6 A) . Statistical analysis showed a significant difference in both percentages of surface labeled cells and fluorescent intensities of surface expression between NMDA receptor combinations containing and lacking NR1 M4 (Fig. 6 B, C) . The fluorescent intensities of total protein expressions were not significantly different among the studied combinations of NMDA receptor subunits (Fig. 6C) . Thus, we conclude that NR1 M4 is a necessary structural domain for overcoming the NR2B M3 ER retention signal.
We then examined the physical interaction between full-length NR2B and NR1 truncations. Coimmunoprecipitation experiments showed that NR2B subunit could physically interact with all of the NR1 truncations constructs (YFP-NR1 preM4, YFP-NR1 postM3, YFP-NR1 preM3, and YFP-NR1 postM1) (supplemental Fig. 2 B, available at www.jneurosci.org as supplemental material), although the NR1/NR2B complexes lacking NR1 M4 were not able to reach the cell surface (Fig. 6 A-C) . Together, our results support a model in which the interaction of both the NR2B and NR1 M3 and NR1 M4 in the NR1/NR2B complex results in functional masking of the ER retention signals found in NR2B and NR1 M3.
Replacement of M3 in both NR2B and NR1 for AchR ␣ M4 and of M4 in NR1 for AchR ␣ M3 abolishes the masking of the ER retention signals in NR1 and NR2B subunits Our truncation studies show that the M3 domains of both NR1 and NR2B contain ER retention signals and that M3 of NR2B, together with M4 of NR1, are involved in masking these signals. Using truncation studies we were unable to determine whether or not M3 of NR1 was also involved in masking. To address this and to further explore the masking of ER retention signals, we studied the NMDA-AchR chimeras. We first performed coimmunoprecipitations of chimeric and native NMDA receptor subunits from COS7 cell lysates. Supplemental Figure 3 (available at www. jneurosci.org as supplemental material) shows that the replacement of M3 in both NR2B and NR1 for AchR ␣ M4 did not affect the ability of the subunits to interact with full-length NR1-1a and NR2B subunits.
We then cotransfected full-length YFP-NR1-1a-M33 AchR with NR2B or NR2B postM4 into COS7 cells and stained them with anti-GFP antibodies in nonpermeabilizing conditions. Neither NR2B nor NR2B postM4 was able to traffic with YFP-NR1-1a-M33 AchR to the cell surface (Fig. 7A-C) . This observation shows that NR1 M3 is necessary for the masking of the NR2B M3 ER retention signal.
Next, GFP-NR2B-M33 AchR was expressed together with NR1-1a or NR1 postM4, and GFP surface labeling was measured. The coexpression of full-length NR1-1a subunit did not promote surface expression of GFP-NR2B-M33 AchR; however, NR1 postM4 was able to significantly facilitate the surface expression of GFP-NR2B-M33 AchR in ϳ30% of GFPexpressing cells (Fig. 7A-C) . This increase in surface staining of GFP-NR2B-M33 AchR is consistent with our finding that NR1 postM4 can reach the cell surface by itself to a limited extent (Fig. 1 B) . Together, our results strongly corroborate the idea that both NR1 and NR2B M3 play critical roles in ER retention as well as in the masking of the ER retention signals.
Finally, to confirm that the structure of the NR1 M4 is critical for the masking of the ER retention signals, the NR1 M4 in the NR1 postM4 construct was replaced for AchR ␣ M3 (YFP-NR1-M43 AchR postM4) (Fig.  8A) , which has the same orientation in the membrane as NR1 M4 (Witzemann et al., 1990) . When expressed alone, this chimera trafficked to the surface in a small fraction of transfected cells, similar to the surface expression of NR1 postM4 (Fig. 8B-D) . However, the coexpression of NR2B postM4 with these constructs resulted in the strong surface targeting only for YFP-NR1 postM4/NR2B postM4 complexes. YFP-NR1-M43 AchR postM4/NR2B postM4 receptors exhibited very low surface expression (Fig. 8B-D) . Together with experiments performed in cortical neuronal cultures (Fig. 9A,B) , our data show that M3 of both NR1 and NR2B together with M4 of NR1 are necessary for the masking of the ER retention signals found in M3 of NR1 and NR2B.
Discussion
ER retention has evolved as a mechanism for preventing the expression of unassembled or improperly assembled membrane proteins from reaching the cell surface. This is particularly critical for receptors whose number and composition on the cell surface determines how the cell responds to particular stimuli. In the present study, we investigated ER retention of the NMDA receptor, a molecule that is essential for neurotransmission. We show that the M3 domains of the NMDA receptor subunits NR1 and NR2B contain ER retention signals, which, together with the previously identified C-terminal retention signals, control surface expression of the NMDA receptor. We also find that the same structures, as well as M4 of NR1, are involved in masking of these retention sites and allow the release of the functional receptor from the ER.
M3 of NR1 and NR2B regulate ER retention of unassembled subunits
Our initial finding that removal of the entire C termini still resulted in ER retention of both NR1 and NR2B subunits indicated that additional retention signals were present in the proximal areas of both subunits. Our serial truncation studies and replacement of M3 with M4 of the AchR ␣ subunit show that M3 of both NR1 and NR2B subunits plays a role in ER retention of the unassembled subunit. Replacement of M3 with M4 of the AchR ␣ and removal of the C termini led to surface expression of both NR1 and NR2B indicating that either the M3 or the C-terminal retention signals can alone cause ER retention of the individual subunits.
Our identification of ER retention associated with membrane domains is not unprecedented; membrane domains of the T cell antigen receptor chains (Call and Wucherpfennig, 2005) , microsomal cytochrome P450 (Murakami et al., 1994) , ubiquitinconjugating enzyme UBC6 (Yang et al., 1997) and the AchR ␣ subunit (Wang et al., 2002) have been reported to contain ER retention signals. A discrete ER retention motif has been described only in the case of the AchR ␣ subunit [PL(Y/F)(F/Y)XXN motif in M1]. Mutagenesis of amino acids in NR2B M3 (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material) led to a slightly increased surface expression compared with NR2B postM4, but significantly less surface expression than that obtained with NR2B-M33 AchR postM4. These findings suggest that the structural integrity of M3 of both NR1 and NR2B is important for ER retention, and it is unlikely that a specific motif within the M3 is responsible for retention.
Masking of ER retention signals in NR1/NR2 complexes
Previous studies indicate that the functional NMDA receptor is arranged as a dimer of dimers with a NR1-NR1-NR2-NR2 orientation (Schorge and Colquhoun, 2003) . Previous data suggest that NMDA receptor assembly starts with the formation of the NR1/NR2 dimers (Furukawa et al., 2005) . By analogy to AMPA receptors, the first step in the assembly of the NMDA receptor might be the physical interaction between N termini of NR1 and NR2 followed by interactions among other regions (Leuschner and Hoch, 1999; Ayalon and SternBach, 2001 ). Our coimmunoprecipitation experiments indicate that N-terminal regions of both NR2B and NR1 subunits containing M1 are sufficient for direct physical interactions with full-length NR1-1a and NR2B subunits. These findings support previous studies that reported that the N termini of NR1 and NR2 subunits are important for the oligomerization of NMDA receptors (Meddows et al., 2001) .
Our results indicate that both the NR1-1 and the NR2B subunits have two distinct ER retention signals, present in M3 and in the C termini, raising questions about the roles of these individual signals as well as how they are negated with the assembly of the NMDA receptor. Interestingly, the coexpression of the NR1-1a/NR2B receptors lacking either the NR1-1 or the NR2B C terminus or both C termini did not significantly affect the levels of surface staining compared with the surface expression of full-length NR1-1a/NR2B receptors. This shows that mutual masking of the C-terminal ER retention signals, proposed for GABA B receptor and potassium channels (Zerangue et al., 1999; MargetaMitrovic et al., 2000 MargetaMitrovic et al., , 2001 , is not the mechanism involved in the masking of the NMDA C-terminal ER retention signals. This conclusion is in agreement with previous papers showing that NR1 and NR2B C termini do not interact (Hawkins et al., 2004) and that functional NR1/NR2A receptors lacking both C termini are formed in HEK293 cells (Vissel et al., 2001 ) and in Xenopus oocytes (Zheng et al., 1999) .
Using the truncated and chimeric NMDA receptor subunits, we showed that M3 of both NR1 and NR2B is necessary, not only for retention of the unassembled subunits in the ER, but also for masking the ER retention signals in M3. Furthermore, our data show that NR1 M4 is a critical component for the masking of ER retention signals in NR1/NR2B complexes. Meddows et al. (2001) showed that the NR1 subunit truncated before M4 coassembled with NR2A and reached the cell surface, in contrast to our results using analogous constructs of NR2B. However, Meddows et al. (2001) found weak surface expression of NR1 preM4/NR2A complexes compared with that of full-length NR1/NR2A, supporting our conclusion that only a small fraction of the NR1 preM4/NR2 complexes reach the cell surface.
What is the mechanism underlying the masking of the NR1 and NR2B M3 ER retention signals in the assembled complex? Given their proximity in the membrane, it is likely that NR2B M3 interacts directly with both M3 and M4 of NR1 causing structural changes that result in release from ER retention. This model is supported by the observation that NR1 subunits truncated before M4 can form functional channels when separate NR1 M4-C-terminal peptides and NR2A subunits are present (Schorge and Colquhoun, 2003) . Because it is unknown if the NR1 C terminus can interact with other regions of the NMDA receptor subunits, we suggest that NR1 M4 interacts with other membrane domains in the functional receptor and thus helps to negate the ER retention signals in NR1 and NR2B M3.
Although our results indicate that M3 and M4 (NR1 only) are involved in ER masking, we cannot rule out the possibility that the modifications that we made in these domains affects the assembly mechanism itself, for example, by destabilizing the formation of dimers or tetramers. In their study of AMPA receptor assembly, Ayalon and Stern-Bach (2001) found that although the N terminus is important for the initial assembly event, more distal regions of the molecule are also required; they proposed that the N terminus is associated with dimer:dimer formation and the association of the dimers is mediated by C-terminal determinants.
Multiple ER retention signals are present in NMDA receptor subunits Our data indicate that ER retention signals in the C termini are capable of retaining the entire molecule when the M3 retention is removed. This was best illustrated when M3 of NR2B or NR1-1 was replaced by the AchR ␣ M4. In both cases, surface staining was present in the absence of the C termini, but absent when the C termini were intact. The question remains, therefore, as to how the C-terminal ER retention signals are negated in the assembled NR1/NR2 complex. As shown previously, the NR1 ER retention motifs are splice variant-dependent based on expression of an RXR retention motif and a COPII (coat protein complex II) or PDZ binding domain that serves as an export motif (Standley et al., 2000; Scott et al., 2001; Xia et al., 2001; Mu et al., 2003) . Therefore, most splice variants of NR1 are not ER-retained in their unassembled form. However, we show that NR1 with the entire C terminus truncated is only slightly released from the ER, whereas some splice variants are robustly expressed on the cell surface. This suggests that export signals in the C termini are able to override the ER retention of M3 in the NR1 subunit. Similarly, we suggest that during the assembly of NR1/NR2, the membrane domain interactions create a powerful export signal that overrides the C-terminal ER retention because it is unlikely that a direct interaction among C termini and M3 is involved. Why does a single subunit require two distinct retention signals that apparently do not directly interact? One possibility is that the different ER retention signals dominate at different levels of assembly. For example, one site may be blocked after assembly of the initial NR1/NR2 dimer, and the second site may be blocked when the tetramer is properly assembled and folded. Interestingly, however, elimination of the C termini did not significantly affect surface expression of functional NMDA receptors. An alternative possibility is that the two retention sites may play a role in targeting the subunits to specific microcompartments within the ER. It is plausible that each ER retention signal could bind a specific factor responsible for the retention and that various extracellular and intracellular stimuli can regulate the interactions with these factors resulting in the tightly regulated assembly of the receptors depending on the actual need for replenishment of the surface receptors. Finally, the two ER retention signals may simply represent redundancy to ensure that this critical molecule is properly assembled and folded before it is released from the ER. 
